Aims In heart failure, various biomarkers are established for diagnosis and risk stratification; however, little is known about the relevance of serial measurements during an episode worsening heart failure (WHF). This study sought to investigate the trajectory of natriuretic peptides and multiple novel biomarkers during hospitalization for WHF and to determine the best time point to predict outcome. Methods and results MOLITOR (Impact of Therapy Optimisation on the Level of Biomarkers in Patients with Acute and Decompensated Chronic Heart Failure) was an eight-centre prospective study of 164 patients hospitalized with a primary diagnosis of WHF. C-terminal fragment of pre-pro-vasopressin (copeptin), N-terminal pro-B-type natriuretic peptide (NT-proBNP), mid-regional pro-atrial natriuretic peptide (MR-proANP), mid-regional pro-adrenomedullin (MR-proADM), and C-terminal pro-endothelin-1 (CT-proET1) were measured on admission, after 24, 48, and 72 h, and every 72 h thereafter, at discharge and follow-up visits. Their performance to predict all-cause mortality and rehospitalization at 90 days was compared. All biomarkers decreased during recompensation (P < 0.05) except MR-proADM. Copeptin at admission was the best predictor of 90 day mortality or rehospitalization (χ 2 = 16.63, C-index = 0.724, P < 0.001), followed by NT-proBNP (χ 2 = 10.53, C-index = 0.646, P = 0.001), MR-proADM (χ 2 = 9.29, C-index = 0.686, P = 0.002), MR-proANP (χ 2 = 8.75, C-index = 0.631, P = 0.003), and CT-proET1 (χ 2 = 6.60, C-index = 0.64, P = 0.010). Re-measurement of copeptin at 72 h and of NT-proBNP at 48 h increased prognostic value (χ 2 = 23.48, C-index = 0.718, P = 0.00001; χ 2 = 14.23, C-index = 0.650, P = 0.00081, respectively). Conclusions This largest sample of serial measurements of multiple biomarkers in WHF found copeptin at admission with remeasurement at 72 h to be the best predictor of 90 day mortality and rehospitalization.
Introduction
Approximately 14 million people in the European Union have been diagnosed with heart failure (HF). 1 Worsening heart failure (WHF) is the leading cause of hospital admissions worldwide and is associated with high morbidity and mortality. None of the prospective clinical trials have shown that any therapy started during hospitalization can improve mortality and risk of rehospitalization in these patients. Therefore, guidelines recommend mainly symptomatic therapy. 1 To which degree WHF patients respond to the therapy ranges from uncomplicated recompensation to prolonged hospital stay with early readmission or even fatal outcome. Better prognostic assessment may help clinicians in identification of patients who should 'move to the front of the line' with respect to immediate therapeutic interventions.
The measurement of natriuretic peptides [i.e. N-terminal pro-B-type natriuretic peptide (NT-proBNP)] is frequently used 2 to evaluate patients whose diagnosis of HF is uncertain. During hospitalization, natriuretic peptides are thought to be helpful in risk stratification, 3, 4 and a fall in peptide levels correlate with a better prognosis. [5] [6] [7] [8] Recently, other candidate peptides, such as mid-regional pro-adrenomedullin (MR-proADM) 2 and copeptin, 9 were found to add prognostic value. Copeptin is C-terminal fragment of pre-provasopressin. Unlike vasopressin, it is stable and can be easily measured. 10 Adrenomedullin is a vasodilatory peptide with hypotensive effects, and its levels are elevated in HF patients. However, since its plasma half-life is only around 22 min, proADM is used as a trustworthy biomarker. 11 Endothelin-1 is a vasoconstrictor peptide, which is produced by vascular tissue, and increases blood pressure. HF patients are often found with elevated levels of ET-1, as a result of neurohormonal activation. 12 Due to its instability, the C-terminal portion of pro-endothelin-1, which is much more stable, is commonly being measured. Atrial natriuretic peptide (ANP) is released from the atria as a response to elevated intra-atrial pressure and wall stretch, 13 but its concentrations are difficult to be measured due to its short half-life (2-5 min). 13 However, ANP's prohormone (proANP) has a longer half-life, and its mid-region (MR-proANP) can be detected easily. 14 Further, serial biomarker measurement in HF management has received growing interest for outcome prediction. 15, 16 However, most authors assessed biomarkers only on admission and pointed out rare time points to re-measure, for example, prior to discharge. 7 Indeed, little is known about the exact trajectory of biomarkers during an episode of decompensation, and there has not been a comparison of the prognostic performance of serial measurements. 17 The primary aim of this study was to determine the performance of serial in-hospital measurements of natriuretic peptides and multiple novel biomarkers to predict outcome in WHF patients.
Methods
MOLITOR (Impact of Therapy Optimisation on the Level of Biomarkers in Patients with Acute and Decompensated Chronic Heart Failure) was an eight-centre prospective study of 164 patients presenting to the emergency department with a primary diagnosis of WHF. The study is registered under http://clinicaltrials.gov (NCT01501981), sponsored by Charité -Universitätsmedizin Berlin, and financed by an unrestricted grant by BRAHMS AG (Neuendorfstr. 25, 16761 Hennigsdorf, Germany).
Study population
The institutional review boards of all participating centres approved the study, and all patients gave their written informed consent. In order to be considered as eligible, patients had to have signs and symptoms of HF with dyspnoea at rest or with minimal exertion [New York Heart Association (NYHA) class III and IV] and pulmonary congestion on physical examination or chest X-ray. Patients were excluded if they had an alternative diagnosis that could account for the patient's HF symptoms, for example, significant pulmonary disease (history of oral daily steroid dependency, history of CO 2 retention, or need for intubation for acute exacerbation); had suspected acute myocardial infarction, cardiogenic shock, sepsis or active infection requiring i.v. antimicrobial treatment; had significant arrhythmias (ventricular tachycardia, bradyarrhythmias with ventricular rate < 45 b.p.m., or atrial fibrillation/flutter with ventricular response of >150 b.p.m.), significant kidney disease with current or planned haemofiltration or dialysis, acute myocarditis, hypertrophic obstructive, restrictive, or constrictive cardiomyopathy; or were younger than 18 years. The primary endpoint was the best time point to predict all-cause death or rehospitalization within 90 days.
Measurement of biomarkers
All blood samples were taken at admission, after 24, 48, and 72 h, and every 72 h thereafter, at discharge and at regular follow-up visits. Blood samples were collected in ethylenediaminetetraacetic acid (plasma separated within 60 min by centrifugation) and serum tubes and stored at À70°C in plastic freezer vials. NT-proBNP (Elecsys 2010 analyzer, Roche Diagnostics, Indianapolis, IN) and copeptin and MR-proANP (both on the KRYPTOR system) were measured centrally with the support of BRAHMS/Thermo Fisher, Germany. MR-proADM was measured using an automated sandwich chemiluminescence immunoassay on the KRYPTOR system, as previously described. 18, 19 For MR-proADM, the limit of
Results from the MOLITOR study 289 quantification was 0.23 nmol/L; the within-run imprecision (coefficient of variation) was 1.9%, and the between-run imprecision (coefficient of variation) was 9.8%. All blood samples were processed by personnel blinded from any patient data.
Statistical analysis
Statistical analysis was performed by an independent trial biometrician in accordance with a pre-defined statistical analysis plan. Descriptives of variables are expressed as mean ± standard deviation or median (Quartiles 1 and 3) for highly skewed variables, and n (%) for categorical variables. Values of biomarkers were log10 transformed prior to inclusion into regression models. Serial changes in biomarker levels during treatment optimization were assessed by Student t-tests for paired samples on log10-transformed data. Spearman rank correlation coefficients were calculated to assess the relationship between investigated biomarkers. For the primary endpoint all-cause mortality/hospitalizations at 90 days, Cox regression models were built for each biomarker for baseline values (univariate). To determine the diagnostic accuracy of serum biomarker levels for the prediction of all-cause mortality/hospitalization, receiver operating characteristic plots were analysed, and areas under the curve were calculated for all analytes. Areas under the curve were compared according to the method by Blanche. The whole study population of 164 patients with WHF was then stratified according to tertiles of copeptin and NT-proBNP. Using the tertile approach, we computed Kaplan-Meier estimates of event-free survival probabilities, and log-rank tests were performed to compare survival curves between the groups. The time-dependent Cox model was used to test whether there is a significant added value of the follow-up measurements of biomarkers concentration on top of those obtained on admission. 20 We defined the significance level 0.05 for all tests. R 3.0.2 software was used for all statistical analysis.
Results

Description of general population
A total of 164 patients (mean age 69, 70% male, mean left ventricular ejection fraction 34%, 76% in NYHA class III) were enrolled at eight sites in Germany, Serbia, and Slovenia. 
Serial in-hospital changes of biomarkers
All biomarkers decreased significantly from admission to discharge (P < 0.05) except MR-proADM ( Table 2 ). All baseline biomarker levels correlated significantly, with a high correlation found for the natriuretic peptides and between MR-proADM and C-terminal pro-endothelin-1 (CT-proET1; Table 3 ).
Prognostic value of biomarker levels at baseline
The prognostic value for all-cause mortality/hospitalization at 90 days is presented with the receiver operating characteristic curves in Figure 1 . All biomarkers at admission, except for CT-proET1, were significant univariate outcome predictors (Table 4) . At baseline, copeptin was the strongest predictor (χ 2 = 16.63, C-index = 0.724, P < 0.001), followed by NT-proBNP (χ 2 = 10.53, C-index = 0.646, P = 0.001). Similarly, copeptin showed a trend (P = 0.0565) towards a 19% improvement of net reclassification for patients at the highest risk of 90 day mortality or rehospitalization (95% confidence interval [À0.5, 39.1]). Defining a copeptin threshold of 37.2 pmol/L at baseline, the positive and negative predictive values of all-cause death/hospitalization were 45.3% and 89%, respectively. Likewise, sensitivity and specificity for this cut-off were 72.5% and 71.8%. Addition of baseline copeptin levels to baseline NT-proBNP levels significantly improved its prognostic performance for 90 day outcome [model likelihood ratio (LR) χ 2 = 17.80, C-index = 0.688, P = 0.004], unlike in the addition of other novel cardiac biomarkers including MR-proADM (data not shown). Figure 2 shows Kaplan-Meier curves for three groups of patients stratified according to the tertiles plasma concentrations of copeptin ( Figure 2A ) and NT-proBNP ( Figure 2B ). The highest tertile of baseline copeptin and NT-proBNP was related with the worst prognosis at 3 months' follow-up ( Figure 3 ).
Prognostic performance of serial in-hospital measurements of biomarkers
The best time point for re-measurement of copeptin was 72 h after admission, and then its predictive value was increased (copeptin χ 2 = 23.48, C-index = 0.718, P = 0.00001). Patients with levels <50 pmol/L at admission and at 72 h had the best prognosis, while patients with low levels at admission that increased after 72 h had an even worse prognosis than had patients with elevated levels at admission (>50 pmol/L) (see Figure 4) . Patients with persistently elevated copeptin during the first 72 h after initial in-hospital evaluation had the worst prognosis at 3 months' follow-up. With the unadjusted adapted time-dependent Cox model, we found a ACE, angiotensin-converting enzyme; COPD, chronic obstructive pulmonary disease; CT-proET1, C-terminal endothelin-1 precursor fragment; GFR, glomerular filtration rate; ICD/CRT, implantable cardioverter defibrillator/cardiac resynchronization therapy; IQR, interquartile range; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; MR-proADM, mid-regional pro-adrenomedullin; MR-proANP, mid-regional pro-atrial natriuretic peptide; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PWED, end-diastolic posterior wall; SD, standard deviation. Data are presented as n (%), mean ± SD, or median [25th-75th percentiles]. *P < 0.05.
Results from the MOLITOR study 291 significant added value of the re-measurement of copeptin. The gain of additional measurement can be observed as early as 48 hours after inclusion (LR χ 2 = 19.08, added χ 2 = 5.1, P = 0.024). The significant added value of copeptin re-measurement after 48 h persisted even after adjustment for age, gender, and NYHA functional class (LR χ 2 = 27.31, added χ 2 = 6.43, P = 0.011). Re-measurement of NT-proBNP after 48 h showed the highest predictive value (NT-pro BNP χ 2 = 14.23, C-index = 0.650, P < 0.001). Patients with low NT-proBNP levels on admission and 48 h had the best prognosis. Patients with low biomarker levels at admission that increased after 48 h had an even worse prognosis than had patient with elevated levels at admission (see Figure 5) . Biomarker assessment at discharge did not provide additional information.
Unlike that of copeptin and NT-proBNP, re-measurement of other investigated biomarkers (MR-proANP, MR-proADM, and CT-proET1) during hospital stay did not provide incremental value over a single determination at hospital admission (data not shown).
Discussion
This is the largest sample of serial in-hospital measurements of novel biomarker in a typical sample of WHF patients during hospitalization. The mean ejection fraction of the patients in this study was~34%, which can be considered moderately reduced compared with that of other acute decompensated HF studies.
Copeptin was the strongest predictor for all-cause mortality/hospitalization at 90 days. Addition of baseline copeptin levels to baseline NT-proBNP levels significantly improved its prognostic performance for 90 day outcome. The best time point for re-measurement was 72 h, showing that patients with persistently elevated copeptin had the worst prognosis at 3 months' follow-up.
In line with our results, patients with WHF and elevated copeptin levels were at increased risk of 90 day mortality, readmissions, and emergency department visits.
2 Additionally, Gegenhuber et al. demonstrated that increased levels of copeptin, BNP, MR-proANP, and MR-proADM of patients with WHF at admission independently indicated an increased risk of 1 year mortality. 5 Another study that included 172 patients with chronic stable HF showed that copeptin was an excellent predictor of outcome during a median period Figure 1 Receiver operating characteristic plot demonstrating the capacity of the five biomarkers at hospital admission to predict 90 day all-cause mortality/hospitalization in 164 patients with acute heart failure. Table 4 Prognostic value of in-hospital baseline biomarker levels for the prediction of 90 day all-cause mortality/hospitalization in 164 hypertensive heart failure patients CI, confidence interval; CT-proET1, C-terminal endothelin-1 precursor fragment; HR, hazard ratio; IQR, interquartile range; LR, likelihood ratio; MR-proADM, mid-regional pro-adrenomedullin; MR-proANP, mid-regional pro-atrial natriuretic peptide; NT-proBNP, N-terminal pro-B-type natriuretic peptide. of 1301 days. 6 Similarly, copeptin levels predicted mortality in stable patients with chronic HF independently from clinical variables, including plasma sodium levels and loop diuretic doses. 7 Even after a 13 year follow-up period, copeptin levels demonstrated a prognostic value for mortality risk in 470 elderly patients with HF. 8 In the BACH (Biomarkers in Acute Heart Failure) study, in patients presenting to the emergency room with dyspnoea, elevated copeptin levels were associated with increased 90 day mortality, HF-related admission, and HF-related emergency department visits. 2 Thus, current literature outlines the prognostic value of copeptin in patients with HF.
Another publication showed similarly to ours that adding copeptin to NT-proBNP improved its long-term prognostic performance for mortality in elderly patients with HF. 21 Additionally, the combination of increased concentration of copeptin and NT-proBNP was found to be related with enhanced risk of all-cause mortality during a median period of 13 years in 470 elderly patients with symptoms of HF. Results from the MOLITOR study 293 Another study showed that a decrease in NT-proBNP levels in patients with WHF was associated with better prognosis. 22 Our study showed that repeated measurement of copeptin 72 h after admission may be advised for the improvement of risk stratification. Persistently elevated copeptin levels during hospitalization, from admission to 72 h, seem to be related with worse outcome. Despite the fact that a single measurement of a biomarker during the progression of a disease may predict the outcome, there is currently much interest in using serial biomarker measurements for monitoring the drug therapy response. [23] [24] [25] One recent study evaluated copeptin variations during hospitalization and its prognostic significance in patients with dyspnoea at emergency departments. 26 It demonstrated that dyspnoeic patients with high levels of copeptin at both hospital admission and discharge had significantly higher risk of developing events (death or rehospitalization) at 90 days. In line with our results, the authors demonstrated that there was a better 90 day prognosis in dyspnoeic patients with a higher decrease of copeptin from admission to discharge compared with patients who showed a lower decrease of copeptin. Additionally, this study showed that in both acute HF and non-acute HF patients, a great reduction of copeptin from admission to discharge is desirable and is linked to a better outcome. An increase in copeptin concentration between baseline and 1 month was associated with an increased risk of death and the composite cardiovascular endpoint in patient with HF after an acute myocardial infarction. 27 Increases in copeptin and MR-proANP detected by serial measurements during follow-up in ambulatory patients with chronic HF appear to be common and predictive of increased risk of short-term events including death. 28 In contrast to these results, another study showed that a relative change of copeptin levels in patients after HF hospitalization (3 month follow-up vs. discharge value) did not contribute in risk stratification of these patients, because no pattern of improvement or of worsening added any prognostic information. 29 This study included a cohort of stable HF patients undergoing treatment optimization. Similarly, another study with stable HF patients showed that change of copeptin at 3 months compared with that at baseline did not provide new prognostic value. 30 During an episode of WHF treatment, intervention rapidly resets neurohormonal values to their steady state. That is why serial measurements of biomarkers in the context of WHF may be more valuable than that in the context of chronic HF. For BNP and NT-proBNP, studies evaluating the influence of treatment on hormone concentrations have shown that therapeutic inhibition of the renin-angiotensinaldosterone system decreases peptide levels, while beta-blockade results in an initial increase followed by a decline. [31] [32] [33] To reap the full prognostic benefit of repeated measurements, a time frame has to be defined including the point at which re-measurement of specific biomarker may provide additional information. This is key for further studies on the efficacy of neurohormonal-guided therapy, which have failed to show benefit so far.
Limitation of the study
Major limitations of this study were the small sample of patients observed and short follow-up period. This resulted in a relatively small number of 90 day events.
Conclusions
Serial in-hospital measurements of copeptin levels among hypertensive HF patients provide additional prognostic values for all-cause mortality/hospitalizations, unlike those of other cardiac biomarkers (MR-proADM, MR-proANP, and CTproET1). Patients with persistently elevated copeptin during the first 72 h after initial in-hospital evaluation had the worst prognosis at 3 months' follow-up. Copeptin levels at hospital admission increased the prognostic value of NT-proBNP, the established biomarker in HF. 
Conflict of interest
